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This research presents a study of cell-based Electric Cell-substrate Impedance Sensing (ECIS) sensors
employed for testing toxicants in real-time. Mammalian cells are exposed to toxicants and information
about cell viability are obtained from impedance measurements. The toxicants used are nicotine, phenol,
ammonia and aldicarb. Two different adherent mammalian cells lines and cell culturewares were used to
optimize the toxicity study. The cell lines used in this study were: bovine aortic endothelial cells (BAEC)
and rat fat pad endothelial cells (RFPEC). The BAECs generated higher impedance values and formed cell
monolayers at a faster rate compared to RFPECs. The two cell culturewares used in this study were simple
open cell-culture wells and enclosed cell culturewares with microﬂuidic perfusion barriers. Experimental
results indicated that the open wells are not suited for toxicity experiments. The turbulent ﬂow created
by pipetting media and toxicants in open cell culture wells disrupts the formation of the cell monolayer.
When enclosed culture chambers were used, the ﬂow of the cell culture medium and toxicant solutions
were laminar on the cell monolayer. Both ﬁnite element simulations and experimental results showed
that enclosed perfusion chamber have better performance due to the laminar ﬂow of the solutions.
The enclosed perfusion chamber also signiﬁcantly shortens the response time of the cells when exposed
to toxicants compared to the open cell culture wells. The experimental results demonstrated that ECIS
biosensors seeded with BAECs inside enclosed cell culture chambers successfully assesses the effect of
toxicants on mammalian cells in real-time.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction mental toxicants, because living cells are sensitive environmentalA high percentage of the world’s population lives in areas with
high risks to water security [1]. Climate change, rapid urbanization,
increasing population and extensive agriculture all act as global
threats to the Earth’s supply of fresh water. Clean and reliable
drinking water can be ensured through periodic and extensive test-
ing at key points of the water infrastructure [2]. To enable this,
toxicity tests need to be rapid, accurate, portable and low cost to
provide affordable water security especially in developing coun-
tries [3]. Current methods need long processing times for analysis
of water composition to provide precise information of the chemi-
cal substances present in the water [4]. An alternative to this
method is cell-based sensors which can detect the presence of tox-
icants by monitoring the cell viability. Cell-based sensors are
highly attractive for detection of chemical, biological and environ-toxicants [5,6]. Sensitivities of cell-based sensors to biological tox-
ins and chemical reagents depend on several factors such as: the
type of cells, the properties of the agents and the sensing tech-
nique. Cell-based biosensors can employ ﬂuorescence probes [4],
or gravimetric and impedance techniques [7] to detect the pres-
ence of toxicants.
The ECIS technique can monitor the viability of cell by
measuring electric signals from the cells exposed to toxic sub-
stances [8–11]. The ECIS sensor uses alternating-current (AC) with
a wide frequencies (from 100 Hz to 64 kHz) to measure the impe-
dance of in vitro cells seeded on the sensor. The measured impe-
dance values provide real-time information on cell membrane
capacitance, cytoplasm conductivity, and cell behavior related to
attachment, growth, metastasis, motility, and viability [12–20].
The existence of membrane potential is a distinguishing feature
between living and apoptotic cells [21]. When cells attach and
spread on the surface of planar electrodes of ECIS sensors after
seeding, they behave essentially like insulating particles that
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bulk of the electrolyte and thereby the impedance between elec-
trodes gradually increase [22]. When the cells form a monolayer,
the impedance has stable values over a period of time. When the
cells are apoptotic as a result of exposure to toxicants the cells lose
their dielectric properties, and the measured impedance values of
cell membrane decrease. Any change in cell–cell interaction or
cell–substrate interaction due to alterations in metabolism, chemi-
cal, biological or physical stimuli will cause the current pathways
through and around the cell to change, leading to a corresponding
increase or decrease in impedance [23]. Thus, impedance spec-
troscopy of cells activity is a versatile and sensitive way to detect
the response of the cells to a variety of toxic agents and pharma-
ceutical drugs [22,24–34]. Although ECIS is a very promising
method for toxicity sensing, this technique has not been frequently
used for testing the drinking water toxicity [10,11,23].
The primary goal of this paper is to improve the responsiveness
of the ECIS-based sensor to a wide range of toxicants in water. In
order to select the appropriate cell lines for toxicity experiments,
two different adherent cell lines were used such as: BAEC and
RFPEC. Many toxicants end up in the bloodstream independent of
their primary route of exposure such as respiratory tract, skin,
eyes, gastrointestinal tract, etc and cause injury [35]. Vascular
endothelial cells have direct contact with blood and line the circu-
latory system of the entire human body, from the heart to the
smallest capillaries [36]. In this work, endothelial cells were cho-
sen for toxicity experiments as they mimic the human body’s
response to toxicants. For toxicity testing using ECIS technique,
ideal cell types are cells that rapidly form a monolayer and provide
high impedance values. The high impedance values are important
for precise monitoring of the cell viability. When the cells are apop-
totic they lose their dielectric properties, the cells monolayer tend
to detach from the sensing electrodes causing their impedance val-
ues to decrease to zero. In this research BAECs was chosen as the
preferential cell type for water toxicity testing because they form
strong intercellular junctions, ﬁrmly attach to the substrate and
are able to form a uniform monolayer with high impedance values
for at least 30 days [37].
In previous work, label-free ECIS and acoustic cell-based sen-
sors had been successfully developed [7]. While successfully
detecting toxicants, the BAECs tested required a long response
time, thus making it unsuitable for ﬁeld use. In an attempt to speed
up the cell’s response to toxicants, in this work two different types
of cultureware were employed. The PDMS culturewares were (i)
simple open wells and (ii) enclosed culture chambers with perfu-
sion microchannels. When both media and toxicants were pipetted
in the open wells, it is expected that turbulent ﬂow will disrupt the
uniformity of the cell monolayer. This paper introduces the usage
of microﬂuidic perfusion barriers inside the cell culture chambers
to minimize disruption. It is expected that the perfusion barriers
minimizes ﬂuid shear stress and is able to maintain the integrity
of the cell monolayer for as long as possible. This hypothesis is sup-
ported by ﬁnite element modeling results. Experimentally, various
toxicants such as: nicotine, phenol, ammonia and aldicarb were
tested with commercially available ECIS sensors. Merging the
advantages of label-free ECIS multiparametric cellular sensing with
microﬂuidic technology can improve long-term cell maintenance
and cytotoxicity sensing capabilities for ﬁeld use.
2. Experimental work and modeling
2.1. Experimental setup
The experimental setup is shown in Fig. 1a. During testing, the
ECIS sensors seeded with cultured mammalian cells are kept inside
an incubator under standard cell culturing conditions of 37 C and5% CO2. A data acquisition system and analog-to-digital converters
were connected to ECIS sensors to acquire and convert experimen-
tal data. Data processing and analysis software was applied to ana-
lyze experimental data to obtain impedance spectrum. To perform
impedance measurements, the ECIS Z system (Applied Biophysics,
Troy, NY) was used to acquire impedance data as shown in Fig. 1b.
The experiments were performed using commercial ECIS sen-
sors (Applied Biophysics, Troy, NY) with two types of cultureware:
open cell culture wells and closed cell culture chambers with per-
fusion microﬂuidic channels. The open culture chambers have
eight wells bonded on the sensors’ substrate with each well having
a maximum capacity of 600 ll. The commercial ECIS sensor
includes an array of gold interdigitated working electrodes and
one large counter electrode as shown in Fig. 2a. The second type
of cultureware is the enclosed microﬂuidic culture chamber, also
bonded on top of the commercial ECIS sensors. The enclosed cell
culture chamber has an inlet, outlet and perfusion barriers for each
sensor as shown in the cross-section of Fig. 2b and top view of
Fig. 2c.
2.2. Finite element analysis of ﬂuids in closed cell culture chamber and
open cell culture well
The velocity and shear stress of the liquid ﬂowing on the cells in
cultureware can inﬂuence the morphology and intercellular junc-
tion of the cell monolayer during medium and chemical agent
introduction. In this research the ECIS measurements were con-
ducted in static mode. When media and toxicants were pipetted
in the open culturing chamber, they created a turbulent ﬂow that
disrupted the uniformity of the cell monolayer. On the other hand,
using microﬂuidic perfusion channels, the ﬂow of media and toxi-
cants can be designed to be laminar. Two-dimensional ﬁnite ele-
ment models of velocity distribution and shear stress of liquid
ﬂow in the cell culture chambers were modeled using COMSOL
Multiphysics™. The ﬁnite element analysis (FEA) was based on
Navier–Stokes equation:
q
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@t
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 
¼ rP þr  T þ f ð1Þ
where V is the medium ﬂow velocity, p is the medium density, p is
the pressure, T is the stress tensor, and f is the body force per unit
volume. Cell culture medium and chemical agents were injected
into open cell culture wells in vertical direction into the enclosed
cell culture chamber via the inlet using a pipette. After a short time
the ﬂuid reaches the static phase with no ﬂow. The injected medi-
um is then classiﬁed as Newtonian ﬂuid, where the shear stresses
are proportional to the strain rate, when the shear viscosity of
medium and chemical agent is assumed to be constant. The ﬂuid
velocity and shear stress distribution inside closed cell culture
chamber and open cell culture well were analyzed by ﬁnite element
method to evaluate the inﬂuence of ﬂuid ﬂow on the cell monolay-
er. Numerical results of velocity and shear stress distribution in the
cross-section of the cell culture chamber and in the 2D plane
horizontal to the substrate were simulated. The simulated results
are important to evaluate how the design of the cultureware main-
tains cell morphology and intercellular junction during injection of
additional medium. This study is important for toxicity studies as it
affects the response time of the ECIS sensor.
In this experiment, cell culture medium and chemical agents
were injected using a pipette into closed cell culture chambers
via a tree-like microﬂuidic channel at the inlet. We assumed that
the cell culture medium and chemical agents were Newtonian ﬂuid
with constant dynamic viscosity. According to the property of
Newtonian ﬂuid in laminar ﬂow, the shear stress is proportional
to the strain rate. The shear stress of a Newtonian ﬂuid is given
as the following equation:
Fig. 1. (A) The ECIS sensors are kept in the incubator and connected to ECIS Z data acquisition system. (b) Circuit schematic of the ECIS Z impedance measurement system,
which contains an alternating current (AC) input signal 1 MX resistor, cell medium (as electrolyte), electrode arrays and cell cultured on the electrodes.
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where s is shear stress; l is the dynamic viscosity of the ﬂuid; u is
the velocity of the ﬂuid. @u=@y the shear strain rate. In this simula-
tion, we assumed that the cell is spherical. Based on microscopic
images of the cell, the average diameter of cell was measured to
be 10 lm and used in the model. The cell monolayer thickness
was assumed to be less than 10 lm. The viscosity of BAECs cell cul-
ture medium was set to be from 0.0101 to 0.0753 dyne S/cm2 in
Refs. [38–40]. In this study, the average value 0.04 dyne S/cm2
was used as the viscosity of BAECs cell culture medium. Duringthe toxicity testing, the cell culture medium and toxicants were
directly introduced into the open cell culture wells and closed
cell culture chambers with a pipette after the cell medium was
aspirated. The velocity of the pipetted solutions was assumed to
be 5 mm/s. Finite element analysis was performed for both types
of cultureware in order to simulate the ﬂow characteristics.
2.3. Device preparation
The microﬂuidic channels and chamber were fabricated from
Polydimethylsiloxane (PDMS) using soft lithography and rapid
Fig. 2. (a) Commercial ECIS sensor with open culture wells and closed cell culture chamber. (b) Cross section of closed culturing chamber (drawings not to scale). (c) Image of
closed cell culture chamber with perfusion barriers.
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ing chambers has been described in detail in [37]. PDMS was cho-
sen due to its biocompatibility. The enclosed culturing chambers
comprised of two PDMS layers. The top layer of 3 mm thickness
contains microﬂuidic channels. The bottom PDMS layer of 4 mm
thickness contains a cell culture chamber with dimensions of
6 mm by 7 mm. The two PDMS layers were bonded together using
oxygen plasma treatment, which modiﬁes the exposed surface of
the PDMS. Later, this enclosed culturing chamber was attached
on the commercial ECIS sensors using silicon glue.2.4. Cell culture and ﬂuorescent analysis
For this study, bovine aortic endothelial cell lines (BAECs, VEC
Technologies, Rensselaer, NY) were cultured in Minimum Essential
Medium (MEM, GIBCO, Grand Island, NY) with 10% fetal bovine
serum (FBS, GIBCO, Grand Island, NY). Rat fat pad endothelial cell
lines (RFPECs, Albert Einstein College of Medicine, New York, NY)
were cultured in Dulbecco’s Modiﬁed Eagle Medium (DMEM, Invit-
rogen, Grand Island, NY) with 10% fetal bovine serum (FBS, Invitro-
gen, Grand Island, NY). Both cells were cultured under standard
cell culturing conditions of 37 C and 5% CO2. To prepare the cell
suspension, conﬂuent BAEC or RFPEC were trypsinized to detach
the cells from the cell culture ﬂasks. The cell suspension was cen-
trifuged to form a pellet on the bottom of centrifuge tube. After
aspirating off the upper supernatant, proper amount of fresh com-
plete medium was added into centrifuge tube to prepare certain
concentration of the cell suspension.
Calcein AM (BD Biosciences, San Jose, CA) was used to deter-
mine the cell viability. Calcein AM is a cell-permeate dye that
can be transported through cellular membrane into live cell to
determine cell viability. In live cells the non-ﬂuorescent calcein
AM can be converted to a green-ﬂuorescent calcein after the intra-
cellular esterase removes acetomethoxy group of Calcein AM. To
analyze cell viability calcein AM was diluted by Hanks’ Balanced
Salt Solution (HBSS, Lonza, Walkersville, MD) to a concentration
of 4 lg/mL. 300 ll diluted calcein AM was added into each cellculturing well and chamber, then the cells were incubated for
30 min at 37 C, 5% CO2 before ﬂuorescent analysis. Cell monolayer
can be observed under regular bright-ﬁeld microscopy and then
again under ﬂuorescent imaging techniques. Live cells stained by
calcein AM can be detected under ﬂuorescent microscope, because
only live cells can perform the proper esterases to generate the
green ﬂuorescent calcein. By overlaying the ﬂuorescent image on
the bright-ﬁeld microscopy image, the cell viability was
determined.2.5. Toxicant preparation and toxicity testing
This study investigated the effects of various toxicants such as
nicotine (Fisher Scientiﬁc, Hanover Park, IL), phenol (RICCA,
Arlington, TX), aldicarb (Spexcertiprep, Metuchen, NJ), and ammo-
nia (Acros Organics, Fair lawn, NJ) on BAEC cells. All the toxicants
were diluted with Dulbecco’s Phosphate Buffered Saline (DPBS,
Mediatech, Inc., Manassan, VA). Due to the small volume of
toxicants used in the experiments, the concentration of essential
ingredients of DPBS will not vary dramatically. The osmolarity of
prepared toxicant solution (basically DPBS) was assumed to be still
in the suitable range for cell culture.
Prior to the cell inoculation, ECIS sensors were cleaned by oxy-
gen plasma to provide a clean and sterilized surface. Then 1 Phos-
phate-Buffered Saline (PBS, GIBCO, Grand Island, NY) was used to
clean the sensors again. To promote the cell attachment, 100 ll
ﬁbronectin at a concentration of 30 lg/ml (GIBCO, Grand Island,
NY) was coated on the surface of sensor and kept in the incubator
at standard cell culturing environment for 1 h. After aspiration of
excess ﬁbronectin from the sensors, different number of cells were
seeded into each open culture well (culture area of 0.54 cm2) and
enclosed culturing chamber (culture area of 0.42 cm2) to achieve
ﬁnal cell seeding densities of 100,000, 125,000 and 150,000 cells/
cm2. The cells attach and form amonolayer on the surface of sensor
after some time. The integrity of cell monolayer was veriﬁed by
both microscopy and ECIS measurement. In order to increase the
cells’ sensitivity to diverse toxicants, the cell culture medium
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chamber, and replaced by serum-free medium (0.5% bovine serum
albumin (BSA, GIBCO, Grand Island, NY) in MEM) after the cells
form a monolayer. After this procedure, the ECIS sensors were kept
in the incubator for 1–2 h. The serum-free medium was then
removed from each well and chamber. Next, 400 ll, 160 ll pre-
pared toxicant solution and 160 ll serum-free cell culture medium
(for control well and chamber) were introduced into the sensor
well arrays respectively. At this point, the impedance values for
each sensor were monitored and recorded in real-time for several
hours. Each impedance curve was normalized by dividing the mea-
sured impedance values after exposure to toxicant with the impe-
dance value at the time point prior to toxicant exposure. This
normalizing process is necessary, since cell monolayer in each well
and chamber has different initial impedance due to variations in
the sensor electrodes, cell morphology and cell coverage of the
ECIS electrodes.
3. Results and discussion
3.1. Fluid velocity and shear stress distribution inside closed cell
culture chamber and open cell culture well
The closed cell culture chambers were designed with perfusion
barriers in the top PDMS layer to generate a uniformly distributed
laminar ﬂow during injection of chemical agents into the cell cul-
turing chambers. Finite element analysis results indicate that the
velocity of ﬂuid is uniformly distributed in the closed cell culture
chamber as shown in Fig. 3a (top view of velocity distribution in
top PDMS layer). The injection rate was 5 mm/s at the inlets of
microﬂuidic channel. After passing the perfusion barrier located at
the left of the culturing chamber, the ﬂuid ﬂow was laminar with
a ﬂow rate of less than 1 mm/s. When chemicals were injected into
the horizontal microﬂuidic channel, the ﬂuid ﬂows into the
enclosed chambers via the perfusion barriers. Fig. 3b shows the ﬂow
characteristics on the cell monolayer in the closed chamber. The
ﬂow rate of the toxicant on the surface of cell monolayer was less
than 72 lm/s and the shear stress is less than 0.014 dyne/cm2.
The velocity and shear stress distribution is less uniform in the open
cell culture wells, as shown in Fig. 3c with maximum velocity of
30 mm/s and shear stress of 180 dyne/cm2. For the open cell culture
well, themedium is removed from thewell prior to the toxicity test-
ing. The subsequent chemicals, serum free medium or toxicants,
were pipetted onto cell monolayer directly. The pipetted solution
generated relatively high values of ﬂow rate, pressure and stress
on cell monolayer in the initial period.
Low shear stress predicted by simulation at the surface of cell
monolayer is important for toxicity testing. High shear stress (hun-
dreds dyne/cm2) on cell monolayer during injection of chemical
agents negatively inﬂuences cell morphology, cell attachment and
intercellular junction compared with low shear stress. It has been
reported that nearly all ﬁbroblast cells seeded on 0.1 lg/mL
ﬁbronectin detaches from the substrate under shear stress of
100 dyne/cm2 within 2 min [41]. Previous research have also indi-
cated thatadhesionstrengthof endothelial cells arehigheronhydro-
philic positions compared to on hydrophobic positions, and almost
all cellsweredetached fromthehydrophobicpolymersurfaceduring
theﬁrst 1 minwhen shear stress reaches 250 dyne/cm2 [42]. For this
work, it is assumed that shear stress over 180 dyne/cm2 will have
negative inﬂuence on cell attachment and intercellular junction.
3.2. Cell line selection for toxicity
Bovine aortic endothelial cell (BAEC) and rat fat pad endothelial
cell (RFPEC) are two types of vascular endothelial cells commonly
used for a variety of experiments in many laboratories. Fig. 4ashows the impedance responses of both BAEC and RFPEC for 46 h
after seeding on the ECIS sensor. The original ﬂuctuating impe-
dance responses were removed after ﬁtting to the impedance
curves in Fig. 4a. The impedance ﬂuctuations were caused by cell
motility/micromotion, due to conditions of cell coverage on ECIS
electrodes. For the impedance measurements, the frequency of
AC signal source between working and counter electrodes was
8 kHz. BAEC and RFPEC were seeded into three wells each respec-
tively. The seventh well contained only cell culture medium as a
control to demonstrate that medium will not dramatically inﬂu-
ence the impedance measurements.
The cell monolayer with higher seeding density has higher
impedance response, since higher seeding densities have better
conditions at its intercellular junction condition and will block
the ion ﬂow between sensor electrodes. Higher seeding density
also forms a stable cell monolayer within a shorter time. In this
respect, BAEC with seeding density of 150,000 cells/cm2 formed a
monolayer 10 h after seeding with impedance values of 7–8 kX.
At lower seeding density, BAECs required longer time to form a
monolayer with stable impedance values. The BAECs with seeding
density of 100,000 cells/cm2 needed 20 h to form a monolayer with
impedance values of 6–7 kX. However, the impedance values of
RFPEC with seeding density of 100,000, 125,000 and
150,000 cells/cm2 were stable around 4 kX. This demonstrates that
the RFPECs do not impede ion ﬂow as well as BAECs. Fig. 4b and c
shows the BAEC monolayer formed on the surface of ECIS sensor
45 h after seeding. Fig. 4d and e shows the cell morphology of
RFPECs 45 h after seeding. The RFPECs display non-uniform cell
monolayer with some intercellular gaps still present. For toxicity
testing, BAECs are therefore preferable since they can form cell
monolayers within a shorter time period and adhere better to
the substrate, yielding higher impedance values than RFPECs. The
toxicity testing was performed in triplicate for both the open and
closed cell culture chambers and the measured impedance values
are shown in Fig. 4f. The BAECs formed a monolayer with stable
impedance after 20 h culture in open wells and closed chambers.
Chemical medium was injected into both the open closed cell cul-
ture chambers at the same injection rate at 24.27 h (marked as the
vertical dashed line) after aspirating the liquid off from the culture-
ware. The solid lines of the open culture wells in Fig. 4f show that
the impedance initially decreases and then recovers to its original
value after 20 h. Open culture wells are also affected by the
required medium exchange, which occurs twice or three times
during the period of the experiment. In comparison, the dashed
lines of the enclosed culture wells show that the measured impe-
dances of cell monolayer are more stable and do not change as
much during medium injection. As mentioned in Section 3.2, minor
ﬂuctuations of impedance are due to cell micromotions.
3.3. Water toxicity testing
3.3.1. Effects of cell seeding densities on sensors’ response
After comparing the characteristics and impedance spectrum of
both BAECs and RFPECs, it was demonstrated that BAECs are more
suitable for toxicity experiments. To further optimize toxicity test-
ing, it is also important to study the effect of different BAEC seed-
ing densities on the impedance response. For this experiment, the
BAECs were seeded at different cell densities on ECIS sensor. Once a
BAEC monolayer is formed, the cells were exposed to the toxicant;
ammonia. The impedance values were recorded and normalized as
shown in Fig. 5a which displays impedance curves of BAECs with
cell seeding densities of 150,000 cells/cm2, 125,000 cells/cm2 and
100,000 cells/cm2. When 20 mM ammonia (toxicant) is injected,
the BAECs gradually lose their dielectric properties and its intercel-
lular junctions degrade. Normalized impedance declined slowly to
10% of its original value within 20 min. The impedance of cell
Fig. 3. (a) Top view of velocity distribution (in horizontal plane at the height of 4 mm) in the closed cell culture chamber. The white arrows indicate the direction of ﬂuid ﬂow.
The color bar on the left illustrates the velocities of ﬂuid (mm/s) in the chamber. Finite element simulation shows that the velocity of the ﬂuid is uniform in the cell culture
chamber and after the ﬂuid passes the ﬁrst perfusion barrier group. (b) and (c) Velocity (green solid line) and shear stress (blue solid line) distribution on the cell monolayer in
closed cell culture chamber and open cell culture well respectively. The velocity and shear stress in closed cell culture chamber are relatively low compared with those in
open cell culture well.
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than cells with higher seeding densities, because higher seeding
densities have tighter and stronger intercellular junctions with
better ion insulating abilities in the cell monolayer. Figs. 5b and c
shows ﬂuorescence images with the magniﬁcation 10 before
the toxicants are introduced while Figs. 5d and e are similar images
7 min after injection of 20 mM ammonia. It is evident that the cell
morphology alters after toxicant introduction. The non-ﬂuores-
cence black areas in Fig. 5d and e indicate that a large number of
cells were already apoptotic and are not labeled by ﬂuorescence
dye, Calcein AM. The cell monolayer with the highest seeding den-
sity (150,000 cells/cm2) has a slower response to toxicants com-
pared to lower seeding densities. However, cells with the lowest
seeding density (100,000 cells/cm2) require a longer period to form
monolayer (see Fig. 4a). As a tradeoff between So, the cell seeding
density of 125,000 cells/cm2 was chosen for toxicity testing.
3.3.2. Toxicity testing using open and closed cell culture chambers
ECIS sensors with open wells and enclosed chambers were test-
ed with various toxicants in order to evaluate their performance.
Figs. 6a, c, e and g show the impedance response of the BAECs tophenol, ammonia, aldicarb and nicotine in both types of culture-
ware. The solid and dashed lines represent the impedance response
of open wells and closed chambers respectively while the black
solid and dashed lines represent the control. Fig. 6a shows the
comparison of normalized impedance response after introducing
0.1 mM and 0.2 mM phenol as toxicant. The open culture wells
show rapid decrease in impedance to 0.73 and 0.77 times its origi-
nal value within 50 min. The closed culture chambers show
decrease in impedance to 0.72 and 0.77 times its original value
within 2 h. Fig. 6b shows that the cell monolayer detaches from
the substrate after exposure to 0.2 mM phenol.
Fig. 6c shows the normalized impedance response of both types
of culture wells after introducing 0.1 mM and 0.2 mM aldicarb as
toxicant. The closed culture chambers (solid lines) show that the
impedance decreased to 0.86 and 0.9 times its original value with-
in one hour when treated with 0.2 mM and 0.1 mM aldicarb. The
open culture wells (dashed lines) show that the normalized impe-
dance values decrease to 0.77 and 0.82 times its original impe-
dance value 2 h after introduction of 0.2 mM and 0.1 mM
aldicarb respectively. Fig. 6d shows the cell morphology after
exposed to 0.2 mM aldicarb.
Fig. 4. (a) Impedance response of BAECs and RFPECs seeded on the ECIS sensor at different densities of 150,000, 125,000 and 100,000 cells/cm2 respectively. BAECs have
higher impedance responses than RFPECs and can more rapidly form the cell monolayer than RFPECs. (b), (c), BAEC monolayer 45 h after seeding on the ECIS sensor at seeding
densities of 125,000 cells/cm2 and 100,000 cells/cm2 respectively. (d), (e), RFPEC 45 h after seeding onto the ECIS sensor, seeding densities were 125,000 cells/cm2 and
100,000 cells/cm2 respectively. Compared to BAECs, at 45 h the RFPEC cells still have not formed a uniform monolayer and there are still some gaps present between cells. (f)
The normalized impedance response of BAEC monolayer on ECIS sensor using two kinds of cultureware during culture medium exchange. The culture medium in control well
or chamber seeded with cell, was not exchanged. The solid lines represent the measured impedance of cell monolayer in open cell culture wells and the dashed lines in closed
cell culture chambers with perfusion barriers respectively. Cell seeding density was 125,000 cells/cm2. The cells formed a monolayer and the impedance were stable after
20 h culture. Cell culture medium was injected into the open cell culture well and closed cell culture chamber at the same injecting rate at 24.27 h (marked as the vertical
dashed line) after aspirating the liquid off from the cultureware. In the open wells, the impedance initially decreased and then recovered to its original value after 20 h (at
around 48 h). In the closed chambers the measure impedances of cell monolayer are more stable during injection as indicated by the dashed lines. Minor ﬂuctuations of
impedance are due to cell micromotion, and is explained in Section 3.2.
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Fig. 5. (a) Normalized impedance of BAEC after exposure to 20 mM ammonia. Open
culture wells were used for this experiment. At lower seeding densities (green
dashed line), the impedance of BAECs decreased faster than at higher seeding
densities (blue dash line). When lower seeding densities are used, at the same
concentration of toxicant (20 mM), each cell is affected by a higher quantity of
toxicant. Higher exposure to toxicant causes the cell junctions to be weaker
compared to wells with higher seeding densities. (b), (c) and (d) Fluorescent
microscope images (X10) of BAEC 45 h after seeding on ECIS electrode arrays,
seeding densities were 150,000 cells/cm2, 125,000 cells/cm2 and 100,000 cells/cm2
respectively. (e), (f) and (g) Fluorescent microscope images (X10) of BAEC
monolayer (cell seeding densities were 150,000 cells/cm2, 125,000 cells/cm2 and
100,000 cells/cm2 respectively) after exposure to 20 mM ammonia.
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of culture wells after introducing 2 mM and 5 mM ammonia as
toxicant. The closed culture chambers (solid lines) show that the
normalized impedance values rapidly decrease to 0.78 and 0.68
times its original impedance value within 30 min when treated
with 2 mM and 5 mM ammonia respectively. The open culture
wells (dashed lines) show that the normalized impedance value
decrease to 0.74 and 0.67 times its original impedance value within
one hour when treated with 2 mM and 5 mM ammonia respective-
ly. Fig. 6f shows that the BAECs morphology after exposure to
5 mM ammonia.
Fig. 6g shows the normalized impedance response of both types
of culture wells after introducing 0.8 mM and 1.3 mM nicotine as
toxicant. The closed culture chambers (solid lines) show that the
normalized impedance values rapidly decrease to 0.9 times its ori-
ginal value within 30 min when treated with 1.3 mM nicotine
respectively. The open culture wells (dashed lines) show that the
normalized impedance value of cell monolayer treated by
1.3 mM nicotine decreased to 0.77 times its initial impedance val-
ue within 2 h. Fig. 6h shows the BAEC morphology after exposed to
1.3 mM nicotine.
4. Discussion and conclusions
It is very important to determine which type of cell lines is suit-
able as sensorial component of the ECIS sensor. In addition to sen-
sitivity to toxicants, the ECIS sensors require adherent cells to
work. For this experiment, endothelial cells were used as they
adhere well to the substrate. Two types of endothelial cells: bovine
aortic endothelial cells (BAECs) and rat fat pad endothelial cells
(RFPECs) were used in order to determine which cell lines are opti-
mal for toxicity testing. We evaluated both the RFPECs and BAECs
under the same conditions and same cell density for toxicity test-
ing. This research demonstrated that the BAEC line is suitable for
impedance measurements and toxicity testing, because it can ﬁrm-ly attach and quickly form a cell monolayer on the ECIS sensor, pro-
ducing high impedance response as illustrated in Fig. 4b and c. The
maximum impedance values of RFPEC and BAEC monolayer cul-
tured on the ECIS sensor were approximately 4 kO and 7.5 kO
respectively, as shown in Fig. 4a. Due to their strong adhesion,
BAECs form strong intercellular junctions and have good electrical
insulation properties. Therefore, the BAEC cell line was selected for
toxicity experiments.
The next set of experiments evaluated the performance of open
culture wells versus closed culture chambers with embedded per-
fusion barriers. The closed cell culture chambers bonded on the
ECIS sensors are recommended over the open culturing wells for
toxicity testing. The design of microﬂuidic channels with perfusion
barriers signiﬁcantly decreases the shear stress and creates more
uniform ﬂow velocity on the cell monolayer during injection of
additional medium and toxicants. Conversely, in the open wells
injection of additional chemical agents create a disruptive ﬂow
and high shear stress (>180 dyne/cm2) which harms the integrity
of cell monolayer and loosens the intercellular junction, thus
delaying impedance response during toxicity testing. In the
research, the closed culture chambers have shear stress less than
0.014 dyne/cm2 on the cell monolayer. Such low ﬂow rate and
shear stress does not negatively inﬂuence the cell’s morphology,
attachment, and intercellular junction during chemical injection,
and enabled the cells to produce rapid response to the toxicants.
Comparing the toxicity measurement results of open culture
wells versus enclosed cell culture chambers, we found that the
use of microﬂuidics embedded in the closed chambers can sig-
niﬁcantly shorten the response time of the ECIS sensors. The
response time in detecting phenol, ammonia and nicotine using
closed culture chambers is nearly twice as fast compared to the
usage of open cell culture wells as shown in Table 1. On the other
hand, Fig. 6a, c, e and g show that the open wells have slow
decrease in impedance and have slow response time especially
for low concentration of toxicant (several hours), which makes it
unsuitable for ﬁeld use. The fast analysis and short response times
in closed culture chambers are due to its short diffusion distances
and high surface to volume ratios allowing toxicants to rapidly dif-
fuse into the cells compared to in open wells. Another possible rea-
son for short response time in the closed chambers is due to the
volatile nature of the toxicants used in this study. In open wells,
the volatile components of toxicants evaporate rapidly, to the sur-
roundings causing the concentration of toxicants to decrease. In
the case of closed chambers, the rate of evaporation of the volatile
components is much slower, yielding more stable concentrations
of the toxicants. Thus, cells in closed culture chamber become
apoptotic more quickly.
Although the response time of both well and chamber is notice-
ably slower during the detection of aldicarb, the response time of
the closed chamber is consistently faster, implying that closed cul-
ture chambers signiﬁcantly the response time of cells to toxicants.
In previous research, the lowest detected effective concentration of
toxicant by ECIS cell-based sensors was 1.27 mM for aldicarb and
3.9 mM for nicotine using bovine pulmonary artery endothelial
cell, BPAEC [4]. In this study, however, our ECIS cell-based sensors
can detect effective concentrations of 0.1 mM aldicarb and 0.8 mM
nicotine using BAEC cell lines. This indicates that BAECs can detect
lower concentrations of toxicants compare to BPAECs. The usage of
microﬂuidic closed culture chambers also improved response
times by half compared to open culture wells.
In this study, BAECs demonstrated the advantages in impedance
measurements and toxicity testing compared to RFPECs. BAECs can
ﬁrmly attach on the ECIS sensor, quickly forming a cell monolayer
and yielding high impedance response. The experimental results
also show that BAECs are more sensitive to BPAECs for detection
of water toxicants, and are capable of detecting lower concentra-
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Fig. 6. (a) The normalized impedance of BAEC exposed to 0.1 mM and 0.2 mM phenol. The impedance of cell monolayer treated by higher concentration of toxicant decreased
faster than that with lower concentration, and also the impedance of cell monolayer in closed chamber decrease faster than that in open cell culture well. (b) BAEC
morphology with seeding density of 125,000 cells/cm2 after exposure to 0.2 mM phenol. When the BAECs were apoptotic, the whole cell monolayer detach from the substrate
(c) The normalized impedance of BAEC exposed to 0.1 mM and 0.2 mM aldicarb. (d) BAEC morphology with seeding density of 125,000 cells/cm2 after exposure to 0.2 mM
aldicarb. (e) The normalized impedance of BAEC exposed to 2 mM and 5 mM ammonia. (f) BAEC morphology with seeding density of 125,000 cells/cm2 after exposure to
5 mM of ammonia. (g) The normalized impedance of BAEC exposed to 0.8 mM and 1.3 mM nicotine. (h) BAEC morphology with seeding density of 125,000 cells/cm2 after
exposure to 1.3 mM nicotine.
Table 1
Response time of ECIS sensors using different cultureware and for different
concentration of toxicants.
Response time (h)
Closed cell culture
chamber ECIS sensor
Open cell culture
well ECIS sensor
Phenol 0.1 mM 1.09 >2
0.2 mM 0.88 >2
Aldicarb 0.1 mM >3 >3
0.2 mM >3 >3
Ammonia 2 mM 0.53 >1
5 mM 0.47 >1
Nicotine 0.8 mM 1.66 >2
1.3 mM 1.07 >2
120 X. Zhang et al. / Sensing and Bio-Sensing Research 3 (2015) 112–121tions of aldicarb and nicotine than BPAECs. ECIS sensors with
microﬂuidic perfusion barriers in enclosed cell culture chambers
can dramatically decrease the ﬂow velocity and shear stress on cell
monolayers. This enables measurements of stable high impedance
values compared to open cell culture wells during injections of cell
culture medium and toxicants. High shear stress can negatively
inﬂuence cell attachment, morphology and intercellular junction,
and can adversely affect toxicity testing. Another advantage of
enclosed cell culture chambers is that it prevents evaporation of
volatile substances yielding more stable concentrations of the tox-
icants. Our experimental results successfully demonstrated that
the ECIS sensors with enclosed cell culture chambers and embed-
ded perfusion barriers can shorten the response time compared
to ECIS sensors with open cell culture wells. The enclosed culture
X. Zhang et al. / Sensing and Bio-Sensing Research 3 (2015) 112–121 121chambers are effective for measurement of different toxicants gen-
erally found in water.
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